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This study assesses the inﬂuence of the total organic carbon (TOC)
content, chlorine quantity, water temperature, bromide ion concentra-
tion, and seasonal variations on trihalomethanes (THMs) formation
potential (THMFP) in Dez River water in Iran. The water temperature
and TOC content had a signiﬁcant effect on THMFP. Further, the
experimental results showed that increasing the concentration of
bromide ions enhances the formation of dibromochloromethane and
bromoform. It was found that the THMFP in Dez River water during
summer times was relatively higher than 100 mg/L, maximum
contaminant level for THMs in drinking water. By increasing the
reaction time until 80 h, the THMFP was gradually increased and
reached to 177.4 mg/L. The most abundant fraction of natural organic
matter in the riverwas hydrophobic acid fraction (49.4 μg/L). Overall, our
study demonstrated that however the THMFP of Dez River water was
relatively high but a usual waterworks could effectively reduce THMFP.
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Water disinfection procedure using chlorine is a global practice for reducing the health risk of
pathogenic growth in drinking water treatment processes. Despite the crucial importance of this
strategy, several classes of undesirable disinfection by-products (DBPs) are usually identiﬁed in
potable waters [1,2]. Chlorine reacts with natural organic matter (NOM) in raw water, resulting in the
formation of trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles (HANs) and other
chemical compounds [2]. Some epidemiologic studies [3] have shown an association between long-
term exposure to DBPs and an increased risk of cancer, also a potential adverse effect on reproduction.
The most prevalent classes of DBPs in chlorinated drinking water samples are THMs [4] that including
chloroform (CFM), bromodichloromethane (BDCM), dibromochloromethane (DBCM), and bromoform
(BFM). Since the THMs present a serious health risk to humans, the Environmental Protection Agency
(EPA) has regulated the maximum contaminant level (MCL) for THMs of 80 mg/L [5]. THMs formation
in drinking water depends on operational procedures implemented in water treatment plants (WTP),
such as chlorine dose, contact time between chlorine and organic matter, pH, temperature, and others
[6,7]. Further, THMs formation in the chlorinated water may signiﬁcantly vary depending on the
seasons and the geographical location of water resources [8]. For instances, in different geographical
locations such as Spain, China, South Korea, Greece, and US the average of THMs in the water
treatment plants was stated in the wide range of 9–129 mg/L [2,9–12]. Earlier studies by Chowdhury
et al. [13], Roccaro et al. [14], Tokmak et al. [15], and Agus et al. [16] demonstrate that the higher
values of NOM water content will result the higher concentrations of THMs. Although numerous
studies have been focused on the THMs formation but some researchers [17,18] found that further
study will still be needed before any deﬁnitive conclusions on the management of waterworks
regarding the use of the result of those works. Moreover, most of the existing investigations at present
have been performed over short monitoring times using a reduced number of experimental and
operational WTP variables. In THMs research ﬁeld, there is still a demand for reliable and robust data
of THMs formation for managing the process involved in WTPs. Further, the investigation on THMs
concentrations in drinking water resources and information about the THMs formation in Iranian
water resources is rare.
Therefore, one year duration of analyzing the THMs in a typical Iranian water resource was
designed in the present study to assess the effects of TOC content, chlorine dosage, water
temperature, bromide ion concentration, seasonal variation, and reaction time on the THMFP in
Dez River, the second largest river in Iran. Further, to assessing the capability of conventional water
treatment plants, the fate of THMFP and dissolved organic carbon (DOC) fractions in a water treatment
plant were tested. The results of this study will be beneﬁcial for minimizing the THMs formation and
for an optimal managing and designating of water treatment plants.2. Materials and methods
2.1. Field sampling strategy
Dez River ﬂows from central region to the southwest of Iran until it joins Karoon River which is ﬁnally
poured in Persian Gulf. Its average ﬂow rate is 246 m3/s. The length of Dez River is 400 km. This river
provides the drinking water for many cities, villages, and industries. Further, 23 WTPs feed by Dez
River. One of the most important WTPs is that of Andimeshk city (WTPAC), which provides drinking
water for one-half million capita. Samples were collected at the water intake of WTPAC, where water
is pumped from the river to the WTPAC (Fig. 1). To investigate the occurrence of THMFP within the
raw water of Dez River, an intensive sampling program was undertaken for one year between the
beginning of October 2012 and the end of September 2013. For each month, 4 samples were taken,
that is, totally 48 samples were collected from the WTPAC intake. Ten liters of water were collected at
the WTPAC intake from a depth of approximately 50 cm below the water surface with a hand-held
open-mouth bottle. All samples were shipped to the laboratory in coolers on ice within the same day
and stored at 4 1C before further analysis.
Table 1
The average values of the physical and chemical parameters of Dez River water at the sampling point.
Parameters Fall, 2012 Winter, 2013 Spring, 2013 Summer, 2013
pH 7.64 7.46 7.36 7.33
TOC (mg/L) 4.72 3.52 4.43 4.12
Water temperature (1C) 13.07 8.25 15.21 29.78
Hardness (mg/L CaCO3) 160 122 131 150
Alkalinity (mg/L CaCO3) 137 104 109 134
Br (mg/L) 161 127 132 157
Turbidity (NTU) 7.86 8.96 8.08 8.53
Fig. 1. The map of the sampling location (the sampling point determined by red star mark) [19].
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water quality parameters, including pH, hardness, alkalinity, turbidity, nitrate and bromide, total
organic carbon, and water temperature. The general water characteristics of Dez River at the sampling
point of WTPAC intake are shown in Table 1.2.2. Experimental procedure
All experiments were performed in 50 mL bottles and 23 mg/L chlorine (as given in Section 3.1) was
added to the raw water containing the original NOM and then mixed at 120 rpm using a shaker-
incubator (Parsazma, Iran) under anaerobic conditions at 24 1C. Bottles were completely ﬁlled and
then capped without any headspace with a polytetraﬂuoroethylene (PTFE) lined cap. A NOM stock
solution was prepared by dissolving an aliquot of Dez River reverse osmosis (RO) NOM isolate into
double distilled water. The water pH was not adjusted or controlled during the experiments. In
another trial, the water temperature effect was investigated by changing the temperature from 5 to
35 1C in the shaker-incubator. A stock of free chlorine (HOCl) solution was prepared by 5% sodium
hypochlorite (NaOCl) (Sigma-Aldrich), diluted to 1000 mg/L as Cl2 and stored in an aluminum foil-
covered glass stoppered ﬂask. It was periodically standardized by N,N-diethyl-p-phenylene diamine
Table 2
Parameter-wise measurement methods.
Parameters Unit Measurement methods Ref.
TOC mg/L 3510 B [20]
Water temperature 1C 2550 B [20]
Hardness mg/L CaCO3 2340C [20,21]
Alkalinity mg/L CaCO3 2320 B [20]
Br mg/L 4110 B [20]
Turbidity NTU 2130 B [20]
Chlorine residuals mg/L 2350 B [20]
B. Ramavandi et al. / Water Resources and Industry 11 (2015) 1–124(DPD) titration, and then, the speciﬁed dosage of chlorine solution was added to the bottles. Finally,
aliquots (25 mL) of the samples were collected from the bottles, using a pipette at a given time
interval (80 h; refer to our previous study [5]) for the analysis of the THMs. All of the experiments
were performed in triplicate (the accuracy is considered to be 74%) to ensure the reproducibility of
the results and the average values are reported.
2.3. Analytical methods
The THMFP test was carried out using a 7-day chlorine test procedure according to the Standard
Methods 5710 B [20]. The neutralized solutions were buffered by a phosphate solution prior to the
incubation at 2472 1C in amber bottles with PTFE liners. According to the procedure, at the end of the
reaction time (7 days), samples must have a free chlorine residual between 3 and 5 mg/L. Then THMs
were extracted with pentane (Merck Co.) according to the procedures (6232-B) mentioned in the
Standard Methods [20]. Finally, THMs were measured using a gas chromatography (GC) with an
electron capture detector (ECD) (series 6890 Agilent with DB 624 column, J&W Science). Other
parameter-wise measurement methods that used in this paper are described in Table 2.
2.4. Quality assurance and quality control procedure
The National Environmental Laboratory Accreditation Conference standards (2003 version) were
strictly followed in chemical analyses: quality control samples (second standard), sample duplicate,
ﬁeld reagent blank, laboratory fortiﬁed blank, continued control veriﬁcation, and matrix spike were
determined. Recoveries of quality control samples were in the range of 95–105%, and those of
laboratory fortiﬁed blank, continued control veriﬁcation, and matrix spike were within the range of
95–110%.
2.5. DOC fractionation procedure
The initial concentration of DOC was determined using the APHA [20] method (3510 B). The DOC
fractionations were determined according to the procedure proposed by Marhaba and Van [22] and
Panyapinyopol et al. [23]. The resin adsorption procedure was applied to classify DOC into six
fractions; hydrophobic neutral, hydrophobic base, hydrophobic acid, hydrophilic neutral, hydrophilic
base, and hydrophilic acid by using three types of resin (DAX-8, nonionic resin (Supelco), AG-MP- 50,
cationic resin (Bio-Rad), and WA-10, weak anionic resin (Supelco)). The DOC fractionation was
performed in the fallowing steps:
First, ﬁltered samples were adjusted to pH 7 and passed through the packed column with DAX-8
resin. The hydrophobic neutral fraction was retained in the resin and was extracted out by methanol
(Merck Co., analytical grade). Then, the sample efﬂuent (of the ﬁrst step) was then adjusted to pH 10
by using 2 N NaOH and passed to the second DAX-8 resin packed column. Here, the hydrophobic base
fractions were retained and eluted from the resin with 0.1 N HCl at 0.25 bed volume and 0.01 N HCl at
1.5 bed volumes. The efﬂuent was acidiﬁed by 6 N H2SO4 until the pH reached to 2 and then passed
B. Ramavandi et al. / Water Resources and Industry 11 (2015) 1–12 5through the last DAX-8 resin packed column. The fraction of hydrophobic acid was eluted from resin
with 0.1 N NaOH at 0.25 bed volume and 0.01 N NaOH at 1.25 bed volumes. The efﬂuent, free of
hydrophobic fractions, was passed through resin (AG-MP-50). The hydrophilic base fraction was then
eluted from the resin with 1 N NaOH at 1 bed volume. Finally, the efﬂuent was passed through the
WA-10 resin packed column. The efﬂuent contained hydrophilic neutral and the adsorbate,
hydrophilic acid, was eluted with 0.1 N NaOH at 1.5 bed volumes and 0.01 N NaOH at 1 bed volume,
respectively.3. Results and discussion
3.1. Inﬂuence of chlorine dosage
Fig. 2a shows the effect of chlorination dosage on the THMFP in the raw water of Dez River. As the
chlorine content increased, the THMs concentration also increased. The THMFP increased from
17.8 mg/L for 1 mg/L chlorine concentration to 217.5 mg/L for 20 mg/L chlorine concentration, while
further increases of chlorine dosage to 23 mg/L did not lead to increase in THMFP level (217.49 mg/L).
The plausible reason is that the precursor was not available (TOC totally oxidized). As it can be seen
from Fig. 2a, when the TOC concentration decreased from 1 mg/L to zero, the THMFP did not increase.
This phenomenon could be explained by the formation of other DBPs or increasing the decomposition
rate of THMs. However, the maximum THMs formation (or THMFP) was taken place in chlorine dose
of 20 mg/L, i.e. 217.5 mg/L. Therefore, for ensuring the complete conversion of the precursors to THM in0
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Fig. 2. The inﬂuence of (a) the initial chlorine concentration (b) water temperature on the THMFP (water pH: 7.15, reaction
time: 80 h, TOC content: 4.38 mg/L).
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Ramavandi et al. [24] found a similar result, when they studied the effect of chlorine concentrations
on HAAs formation potential.
3.2. Inﬂuence of water temperature
As shown in Fig. 2b, the THMFP in the reaction of 23 mg/L chlorine with the origin of NOM increases
linearly by increasing the water temperature. After a reaction time of 80 h, the values of the THMFP
were 69.7 and 232.6 mg/L for water temperatures at 5 and 35 1C, respectively. Generally, an elevation
of temperature will accelerate the reaction rate and organic content of waters [25]. If the products are
relatively stable, their formations increase with the temperature. As shown in Fig. 2b, a strong
relationship was observed between THMFP and water temperature. At the studied water temperature
range (5–35 1C), the variation in the THMFP was small in the cold water (water temperature o15 1C)
in comparison to the higher temperatures (water temperature 415 1C). Other studies (e.g. [26]) have
indicated that THMs formation has a critical temperature (Tc), 18.9 1C. Therefore, the higher THMFP
values were expected at temperatures above Tc value. This phenomenon may be described by
increasing the reaction rate between chlorine and TOC content [17].
3.3. Inﬂuence of TOC content
TOC is one of the most widely used measures for quantifying the NOM amount in water [5,24]. In this
section, the effect of TOC content (1–5 mg/L) of Dez River water on the THMFP was evaluated. Various
TOC concentrations of water samples were prepared by diluting with double distilled water free of
TOC, or by spiking the water samples with a NOM solution.
As seen in Fig. 3, although the initial value of chlorine concentration was kept constant at 23 mg/L,
the ﬁnal residual chlorine concentration decreased from 2 to 0.55 mg/L by increasing TOC content
after 80 h of the reaction time. The formation potential of THMs increased by increasing TOC
concentration to 4 mg/L, while further increase in the TOC level did not lead to any remarkable
changes in the THMFP (Fig. 3). The slightly negative slope in the THMFP curve for the TOC
concentrations higher than 4 mg/L may be explained as follow: the formation of THMs involves many
steps and THMs themselves are downstream by-products of chlorination. For TOC concentrations
higher than 4 mg/L, the chlorine concentration per unit TOC was decreased, so more amount of TOC
may be converted to the intermediate-by-products rather than the downstream by-products such as
THMs. In addition the reaction between the TOC content and chlorine may have resulted in
production of other DBPs such as HAAs and decreased available residual chlorine, as reported by the
other researchers [27]. Another plausible reason for this phenomenon can account for the equality of
the formation and decomposition rate of THMs at TOC concentrations more than 4 mg/L.y = 30.715x + 37.872
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means that the higher available TOC will result higher THMs while enough residual chlorine exists in
the system.3.4. Inﬂuence of bromide level
The THMs formation of bromine-containing water was very interesting, as they are thought to be
more harmful than chlorine containing THMs [28]. The formation of THMs species trends with
increasing bromide ion concentrations at two chlorine concentrations (20 and 30 mg/L) as seen in
Fig. 4 (a and b) was as follows: CFM and BDCM decreased continuously; DBCM increased initially but
then decreased and its maximum concentration occurred at bromide concentrations of 150 μg/L for
respective chlorine doses; BFM increased continuously except for 20 mg/L chlorine and 250 μg/L Br
levels. For both chlorination concentrations, the yields of tested THMs were improved as the bromide
level increased (Fig. 4). This is because the bromide ion can be oxidized by free chlorine to produce
hypobromous acid (HOBr). Similar as hypochlorous acid (HOCl), HOBr reacted with NOM, and
exhibited much more powerful substitution ability than HOCl [29,30]. These results are consistent
with previous reports [27,31,32], where in general, increasing bromide concentrations gradually
shifted THMs speciation from chlorinated species to the higher order brominated species during
chlorination. Even at the lowest bromide concentration used (50 μg/L) in this study, mixed
bromochloro and brominated THMs species were formed. On the other hand as shown in Fig. 4(a
and b), there is an increase in the total THMs formation at two applied chlorine concentrations. At the0
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reached to the highest value of 188 μg/L at 250 μg/L bromide level. While for the 30 mg/L chlorine
dosage, total THMs concentration peaked at 197 μg/L for the bromide ion concentration of 200 μg/L.
Therefore, it can be concluded that increasing chlorine concentrations and bromide levels resulted in a
consistent increase of the total THMs levels due to the production of higher level of HOBr.3.5. Seasonal variations of THMFP
As shown in Fig. 5a, THMFP in Dez River water was varied during the period of study (from October
2012 to September 2013). As shown in Fig. 5a, the levels of THMFP were especially high in summer
and low during spring and fall. Indeed, the average measured levels of THMs during summer in the
raw water of Dez River were 1.73 times higher than those of spring. During spring and fall seasons the
measured THMs were lower than the MCL for THMs in drinking water according to Iranian regulation
(100 μg/L) [5] but higher than the EPA regulation (80 μg/L). These seasonal THMFP variations can be
explained by different factors. First, the average temperature of the raw water was low in spring
(15.21 1C) and this led to the lower chlorine demand. Second, it was observed that water quality
variations were also led to different THMs levels within seasons. For example, as stated by Toroz and
Uyak [33], during the spring time, measured THMs levels in distribution systems varied from 55 to
75 μg/L in Buyukcekmece, 64 to 81 μg/L in Beylikduzu, and 83 to 99 μg/L in Esenyurt. In the summer
time, these values in the distribution systemwere varied from 96 to 116 μg/L in Buyukcekmece, 100 to
130 μg/L in Beylikduzu, and 128 to 154 μg/L in Esenyurt. These THMs variations were signiﬁcantly due
to the water temperature and basically because of variations in the THMs precursor concentrations, in
accordance to Rodriguez and Serodes [34] modeling study. Another probable reason is the moderately
high level of bromide ion during the summer (see Table 1, 157 μg/L) in Dez River water. As reported by0
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rise in the summer. It was concluded that the seasonal variations in the DBPs were related to the
changes in the NOM quantity and quality of the water sources. As the THMs may be formed during
reactions between chlorine and the organic matter, a higher dissolved organic carbon level is likely to
form more THMs. As the DOC/TOC ratio shown in Fig. 5b, the majority of the TOC was converted into
DOC in the summer season (88%), which can explain the high level of THMs during summer.
These observations indicate a change, not only in the quantity but also in the NOM composition
following precipitation, and propose the presence of runoff humics ﬁltered down from the upper soil
layer [35]. Hydrology and soil might affect the NOM composition in the surface water resources such
as rivers and lakes [36]. Volk et al. [35] have proposed that the DOC sources and their quality may be
changed with hydrology.
The formation potential of THMs species in the chlorinated water from Dez River is also shown in
Fig. 5a. As shown in Fig. 5a, the major THMs species were BFM. DBCM had the lowest level of the
THMs species in amounts between 4.78 and 9.43 μg/L. This trend may be also due to the relatively
high level of Br ion (see Table 1, 161 mg/L).3.6. Inﬂuence of reaction time on THMFP
Fig. 6 shows the time- dependent formation pattern of THMs potential for the raw water of Dez River.
As depicted, the value of THMFP was gradually increased from 28.3 to 177.4 g/L by increasing the
reaction time from 2 to 80 h at which TOC and the applied chlorine dose are in abundance. After the
reaction time of 80 h, the THMFP was unchanged. Generally, THMs continue to form in drinking water
as long as chlorine residual and precursors are present [37]. However, THMs cannot be consistently
related to water age because THMs are known to volatilize over time when the disinfectant residual is
low; this reason might be accounted for unchanged THMFP after 80 h contact. Similar results were
stated by other researchers [29,37].3.7. THMs of the water network of Andimeshk city
The drinking water of Andimeshk city, Iran is supplied from Dez River. From fall 2012 to summer 2013,
the THMs of the water network of Andimeshk city were measured. For this, 4 samples were collected
from the water network for each season. The average values of the THMs of the water network for fall
2012, winter 2013, sparing 2013, and summer 2013 were attained 104, 142, 96, and 168 μg/L,
respectively. Two points can be implied from the results. First, the trend was similar to that obtained
in seasonal variations (see Section 3.5), i.e., the maximum and minimum amounts of the THMs were
related to summer and spring, respectively. Second, the people of Andimeshk city exposed to THMs
4100 μg/L (its standard level) except for spring season. The results obtained by Charisiadis et al. [38]
B. Ramavandi et al. / Water Resources and Industry 11 (2015) 1–1210support our data; they stated that the total THMs of the studied water networks was higher than the
MCL for THMs.3.8. THMFP fate during a water treatment plant
To measure the sufﬁciency of water treatment processes for reducing the THMs, the WTPAC was
selected from all water treatment plants around Dez River. This water treatment plant fed by Dez
River water and treatment units including coagulation–sedimentation (CS), rapid sand ﬁlter (RSF),
activated carbon (AC), and chlorination, respectively. After each unit, the sample was taken for
evaluation of the THMFP. All samples were collected during 2012 summer season which was a critical
season for THMFP on this study (see Section 3.5). As shown in Fig. 7, the THMFP was remarkably
decreased after the CS process however, that the THMFP reduction was not signiﬁcant. To better
understand the reasons, the DOC isolation and fractionation were provided after each unit outﬂow of
WTPAC. All fractions reduced during water treatment and among all involved units, the CS had a
signiﬁcant effect on THMFP reduction (Fig. 7). Therefore, this suggests the CS unit as a potential
process in THMs precursor reduction.
As shown in Fig. 7, the hydrophobic base fraction of DOC can be reduced by conventional
coagulation–sedimentation. The effectiveness of the rapid sand ﬁlter on this fraction was negligible.
As explained by in the literature [39,40] the hydrophobic base fraction ﬁts well in the criteria for being
suitable to be oxidized by chlorination. The overall reduction of this fraction in the water treatment
plant after passing all units was 78.95% which is consistent with the overall reduction of the DOC
content (71.22%).
In comparison to 57.89% reduction in hydrophobic base fraction, hydrophobic acid fraction was
reduced to 82.91% after using the CS unit, it should be noted that the overall reduction in water
treatment plant for this fraction was 85.83%. Similar to hydrophobic base fraction, the RSF unit had a
marginal effect on hydrophobic acid fraction reduction.
The hydrophobic neutral fraction is naturally of humic characters and contains hydrocarbon and
carbonyl compounds [41]. Overall reduction of this fraction in water treatment plants was nearly 64%,
and the maximum reduction took place in the chlorination and CS units are 30.77% and 32%,
respectively (Fig. 7). However as it was stated by Marhaba and Van [22], the hydrophobic neutral
fraction did not appear to be a problematic fraction for THMs formation, but it was problematic for the
HAAs formation.
According to Fig. 7, the conventional units were not very conducive in the removal of hydrophilic
base fraction. Generally, reduction of the hydrophilic base fraction following CS, RSF, AC, and
chlorination units was 15, 15, 7.1, and 15.4%, respectively. It can be noted that the conventional
treatment train in this study cannot be used for signiﬁcant removal of this class of DBP precursor.0
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treatment plant. Since the hydrophilic acid fraction was shown to be the targeted problematic fraction
as far as the formation of THMs is concerned, this fraction should receive focused attention in the
treatment strategy.
As shown in Fig. 7, CS and RSF units were effective in the mass reducing of the hydrophilic neutral
fraction, 33.3 and 33.3%, respectively. The hydrophilic neutral fraction is primarily made up of
polysaccharides [41], it does not react very well during the chlorination process [22,42]. However,
reducing the hydrophilic neutral fraction during AC and chlorination units was marginal (8.3 and
18.2%, respectively).4. Conclusions
Formation of THMs in Dez River was shown to depend strongly on several environmental and/or
operational water treatment plant variables monitored during the WTPAC and its intake. The seasonal
variations of THMFP were considerable in Dez River. It has been concluded that trihalomethane
formation takes place predominantly in the summer times. Brominated species of THMs were
predominant at bromine level higher than 150 μg/L. The THMs of the water network of the Andimeshk
city were mostly higher than standard level. The most abundant DOC fraction in the WTPAC-water
intake was hydrophobic acid fraction (49.4 μg/L) meaning that this fraction should be subjected to
remedy in water treatment plant. The study implied that the coagulation–sedimentation unit was
more efﬁcient unit for reducing the THMFP in comparison to rapid sand ﬁlter, activated carbon, and
chlorination units.Conﬂict of interest
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